The molecular basis for the aberrant migration pattern of the gene 11 equivalent in rotaviruses with "short" (human DS-1) and "super short" (human 69M and bovine VMRI) electropherotypes was investigated. The mRNAs of these viruses were synthesized in vitro, and the entire gene 11 equivalent of each of these viruses was sequenced with specific synthetic oligonucleotide primers. These sequences were compared with previously published sequences of "long" pattern rotavirus gene 11 segments. The increased lengths of the gene 11 equivalents of DS-1, 69M, and VMRI are due to a prolonged, 3' untranslated region in this gene segment. The 3' untranslated region of the VMRI gene 11 equivalent contains a clear duplication of a portion of its coding sequence. A stretch of 18 consecutive nucleotides within the 330-nucleotide, 3' untranslated region of 69M is identical to a section of UK coding sequence. The DS-1 and the remainder of the 69M 3'-end additional sequences are similar to each other, but neither is similar to any other currently available rotavirus gene sequence. This finding suggests that a process other than homologous duplication is involved in the evolution of these sequences. The widespread occurrence of human and animal rotaviruses with short and super short electropherotypes provides evidence that intragenic and possibly intergenic recombinational events associated with an error-prone viral RNA polymerase may play a role in increasing the genetic repertoire of rotaviruses.
Rotavirus genomes consist of 11 segments of doublestranded RNA. The electrophoretic patterns of these gene segments have classically been used to distinguish among the various strains of rotavirus (7, 17) . Most group A rotaviruses display the "long" electropherotype, with four high-molecular-weight genes, five intermediate-sized genes, and two smaller genes. The genes are numbered 1 to 11 according to the distance migrated from the origin during polyacrylamide gel electrophoresis (17) . Over the past decade, group A rotaviruses with electropherotypes that vary on this basic theme have been found in otherwise healthy humans and animals with acute gastroenteritis (1, 3, 4, 12, 17, 24, 26, 29) and in severely immunodeficient children with chronic rotavirus infections (25) .
Naturally infectious rotaviruses displaying "short" and "super short" electropherotypes were originally described as having an altered migration pattern of gene segments 10 and 11 by polyacrylamide gel electrophoresis (1, 3, 4, 12, 17, 24, 26, 29) . Early genetic studies demonstrated that the gene 11 equivalent migrated as band 10 in short rotaviruses (11) . Hybridization analyses have subsequently confirmed that gene 11 probes from long rotaviruses bind to segment 10 in short and super short rotaviruses (21, 24, 26) . Thus, the altered RNA profile of short and super short rotaviruses results from a gene 11 equivalent that has a larger molecular size than gene 11 of typical long rotaviruses.
Although the nature and function of the gene 11 product are not known at this time, it appears that at least the size of the encoded gene 11 polypeptide product is essentially the same whether it is derived from long, short, or super short rotaviruses (2, 5, 6, 20) . The evidence for this has come from in vitro translation studies and metabolic labeling of infected * Corresponding author. cells and suggests that the coding portion of the gene is not significantly altered in the gene 11 equivalents (5, 21, 26) . The only exception to this assertion has recently been discussed by M. McCrae (International Meeting on Molecular Genetics of the Rotaviruses, Jouy-en-Josas, France, 1989) .
What accounts for the apparent larger size of the gene 11 equivalents from different strains of rotavirus has not been fully determined. Children with severe combined immunodeficiency who are chronically infected with rotavirus shed rotaviruses with extensive gene rearrangements (25) . Some of these aberrantly migrating bands of double-stranded RNA appear to be concatemers of specific lower-molecular-weight genes on the basis of hybridization analysis (15) . Similar genome rearrangements can be produced in vitro when susceptible cells are serially infected with rotavirus at high multiplicities of infection (14) . The mechanism underlying the development of the limited gene rearrangement of short and super short rotaviruses that are associated with acute gastroenteritis in immunocompetent infants and young animals may be different from that produced by the passage of virus at high multiplicities of infection in vitro or in vivo. Two recent studies showed that the lengthy gene 11 equivalents from swine (9) and rabbit (10) strains of rotavirus result from partial duplications of coding sequence at the 3' end of the gene, while a more recent study of two human strains did not show any evidence for gene duplication (23) .
The current study was undertaken to determine the molecular basis for the aberrant migration of the gene 11 equivalents in naturally infectious rotaviruses that display short or super short electropherotypes. We have sequenced the gene 11 equivalents of three rotavirus strains (human short DS-1, human super short 69M, and bovine super short VMRI) and compared them with long gene 11 sequences. 
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The most notable differences lie in the composition and increased length of the 3' untranslated sequence of the gene 11 equivalents. The origin and significance of these additional sequences are discussed.
MATERIALS AND METHODS
Viruses and cells. DS-1, a short-electropherotype rotavirus (subgroup I, serotype 2), was originally isolated from a child with diarrhea in the Washington, D.C., area (17) . A UK x DS-1 reassortant (41-2) with a gene 11 equivalent derived from the DS-1 parent virus was used for sequence analysis, because this reassortant is more easily cultivated in vitro than wild-type DS-1 is (11) . 69M, a super-short-electropherotype rotavirus (subgroup I, serotype 8), was isolated from children with diarrhea in Indonesia (12) . VMRI, a super-short-electropherotype rotavirus (subgroup I, serotype 6), was isolated from a newborn calf which died from complications of diarrhea in Missouri (24) . Rotaviruses were grown and purified as previously described (27 
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069M ntB36TAATCTTATGAATTGTAATATATTATTGATTCTAATGAAACACT AAT GAGCGAAGATTAATACnt899 The 5'-terminal untranslated sequence which precedes the first ATG is 21 nt in length in all of the strains, including the reference strain, bovine UK rotavirus. There is minimum variability in nucleotide content among the different strains in this region (Fig. 1) .
A single long open reading frame encodes a potential protein product of 198 amino acids (VMRI and 69M) to 200 amino acids (DS-1). The major gene 11 protein product of most strains of rotavirus sequenced to date (10, 22, 30 ; S. Matsui, unpublished observations) is 198 amino acids in length, regardless of electropherotype. Long stretches of conserved amino acid sequence are present among these gene 11 equivalents (Fig. 1) . The two bovine rotaviruses, VMRI and UK, share 94% identical amino acids in their coding region. 69M and DS-1 are the most closely related and have 90% identical amino acids. The DS-1 polypeptide shows an insertion of two amino acids, glutamine (Q) and glutamic acid (E), after amino acid 138. Both DS-1 and 69M differ the most from the UK reference sequence between amino acids 138 and 146.
The most striking difference between the long rotavirus gene 11 sequences and the short and super short sequences is in the 3' untranslated region following the termination codon ( Fig. 1 and 2 ). The length of this region in long rotaviruses is 49 nt (16, 22, 30 ; S. Matsui, unpublished observations), while DS-1, 69M, and VMRI contain 197, 330, and 349 bases, respectively, in this region of the gene. The 3'-terminal 49 bases in each of these viruses are 96 to 100% conserved (Fig. 1) . However, the composition and origin of the bases between the termination codon and the conserved 49 bases at the extreme 3' terminus appear to differ for each of the short and super short gene 11 equivalents we studied.
The prolonged 3' untranslated sequence of the VMRI gene 11 equivalent, nt 628 to 918, is essentially a duplication of nt 328 to 618 from the coding region of this gene (91% nucleotide sequence identity). The nine nucleotides (VMRI nt 619 to 627) that follow the termination codon and link the coding region to the 3' untranslated duplication bear striking similarities to the nine nucleotides which follow VMRI nt 919 to 927 and the termination codons of long-electropherotype UK (30) and Nebraska calf diarrhea virus (S. Matsui, unpublished observations) gene 11 segments.
The source of the additional gene 11 sequence in the 3' untranslated region of human strains 69M and DS-1 is not easily ascertained. No simple repetition of internal gene 11 sequence accounts for any of this additional sequence, with one possible exception. Within the 330-nt 3' untranslated region of 69M, a limited stretch of 18 consecutive nucleotides (nt 748 to 765) is identical to the UK coding sequence between nt 446 and 463 (30) . This 18-base sequence is also found in the coding regions of VMRI (Fig. 1) , Nebraska calf diarrhea virus (S. Matsui, unpublished observations), Wa (16) , and swine strain C60 (9) . Interestingly, this 18-base sequence in 69M is not an exact duplication of its coding sequence between nt 446 and 463. These two regions of 69M share only 56% identical nucleotides.
The 3' untranslated sequences of DS-1 and 69M gene 11 equivalents appear to be related to each other, as shown in the sequence alignment in Fig. 2 . A total of 70% of the bases are identical in these areas of relatedness between DS-1 and 69M, suggesting a common origin for these additional se- quences. Both of these gene 11 equivalents have a large number of A and T residues, which constitute 68 to 72% of the bases in the 3' untranslated region.
DISCUSSION
The gene 11 equivalents of VMRI, 69M, and DS-1 suggest at least two different mechanisms for developing a prolonged 3' untranslated region. Our sequence analysis shows that all of the additional sequence is inserted between the termination codon at the end of the conserved coding region of the gene and the ultimate 49 bases which are conserved at the 3' end. The additional sequences of other short rotaviruses (9, 10, 23) are also inserted at this point.
The additional sequence in the 3' untranslated region of VMRI is clearly due to a duplication of nt 328 to 618 from the internal coding sequence of this gene. This duplication appears to be a process similar to but more straightforward than that proposed for the super short Alabama strain of rabbit rotavirus, since no deletion appears to occur and no second open reading frame is created (10) . The VMRI duplication event appears to be a more limited version of the duplication seen in the swine rotaviruses with rearrangements of gene 11 (9) . Related mechanisms are probably involved in the development of the gene 11 equivalent in each of these viruses.
The 3' untranslated sequence of the VMRI gene 11 equivalent may be generated through the following mechanism. The RNA-dependent RNA polymerase transcribes VMRI mRNA from the negative-strand RNA template. After the termination codon (nt 616 to 618), the polymerase may falter and may not accurately transcribe the next 9 bases; GTCTG CCAT is transcribed instead of GTCTGACCT. The polymerase subsequently detaches from the template without releasing the newly transcribed daughter strand, and it reattaches at an earlier site (VMRI nt 328). The RNA polymerase once again transcribes nt 328 to 618, and on this pass it successfully transcribes the 9 bases following the termination codon and the remainder of the conserved 49 bases at the 3' terminus. This mRNA molecule, now longer than its original template, presumably contains all of the signals necessary for translation and negative-strand replication and is perpetuated. Since the rate of RNA transcription is similar for all genes of the Reoviridae, the smaller genes tend to be transcribed more frequently than the larger ones (31) . Consequently, if rotavirus gene duplication is the result of an error-prone RNA polymerase, its effects would be seen most often in the smallest gene, gene 11.
The repeated VMRI sequence, nt 628 to 918, differs from coding sequence nt 328 to 618 in approximately 9% of the bases. These changes have probably arisen over time, given the propensity of RNA genomes to mutate in regions where there is little selective pressure to maintain critical gene or protein function (13) . The marked conservation of the ultimate 49 bases at the 3' terminus suggests that this terminal region plays a vital role in viral replication.
The additional 3' untranslated sequences of short (DS-1) and super short (69M) human rotavirus strains are not due to simple and direct duplications. These additional sequences are nearly identical to those of RV-5 and B37, which were recently reported by Nuttall et al. (23) .
An 18-nt stretch found in 69M alone (nt 748 to 765) is identical to a specific area in the coding regions of UK (30), VMRI, Nebraska calf diarrhea virus, (Matsui, unpublished data), Wa (16) , and C60 (9) . However, the evolution of this isolated cluster of 18 nt in the 3' untranslated region of 69M is not readily explained, since these 18 nt are only 56% identical to a comparable area in the 69M coding region.
The DS-1 gene 11 equivalent sequence in the 3' untranslated region can be directly compared with the 69M gene 11 equivalent sequence (Fig. 2) . These sequences contain a disproportionately high number of A and T residues and appear to share considerable sequence similarities in specific portions. Several hypotheses can be advanced to explain the origin of these sequences that do not seem to arise from duplications of gene 11 sequence. One possibility is that the polymerase repeatedly associates with A-and T-rich regions of gene segments and "stutters" as it transcribes them (18) . A second possibility that has been described for singlestranded RNA viruses (28) would involve implicating a polymerase which jumps from one gene to an initiation site of another gene in close proximity, without releasing the newly transcribed daughter strand. If this is so, the additional sequence could be derived from other rotavirus genes that are present in the transcriptionally active single-shelled particle and whose sequence is not yet available in the literature. A third, less likely possibility is that the DS-1 and 69M sequences that are inserted between the termination codon and the conserved 49 bases of the 3' terminus are the end result of generations of point mutations and selective deletions or insertions which have affected these additional sequences in very similar ways. In any case, DS-1 and 69M gene 11 equivalents appear to share similar ancestral lineages.
Gene duplication and polymerase stuttering and jumping appear to represent alternative ways in which rotaviruses maintain or augment their genetic diversity. The additional sequence generated does not appear to interfere with viral function and may, in fact, confer some selective advantages for the rotavirus under some circumstances. Naturally occurring rotaviruses from a variety of species contain gene 11 equivalents with extended 3' untranslated regions and appear to compete well with long-electropherotype rotaviruses in the field. The effect or advantage of these gene extensions on rotavirus replication in vitro and in vivo requires further clarification.
